Picosecond soliton pulses from a stabilised figure of eight, dicepumped erbium fibre lam have heen used to investigate the reflection of wnstant phase pulses off photosensitive B r a g gratings in singlemode fibre. The experimental measurements have shown excellent agreement with theoretical prediction.
Since its initial discovery [l] , photosensitivity in optical fibres has been extensively investigated and developed with particular relevance to photoinduced Bragg gratings and their varied applications [2, 31. In this Letter we report theoretical and experimental verification of the interaction of picosecond pulses of constant phase with fibre grating reflectors which to our knowledge has not been previously described.
A simple experimental scheme was used to investigate the spectral and temporal response to picosecond pulses reflected off the Bragg fibre gratings. To avoid any effects of inherent chirp the source of pulses was derived from a stabilised, picosecond 'figure of eight' erbium fibre soliton laser. This laser was tunable throughout the erbium gain hand and was arranged to produce single soliton pulses of 1.5ps duration with an associated bandwidth of 1.7nm. These were coupled with an average power in the milliwatt regime, via an optical isolator into a 3dB coupler, which had the B r a g grating fused to one of the output ports. The other throughput port was used to monitor the input pulses, while on reflection, the pulses were amplified in a diode pumped Yb:Er fibre amplier (IRE-Polus FA-3L) and detected by a Scanning autocorrelator and spectrum analyser.
The gratings examined were manufactured using the technique of holographic replication using a phase mask [2] . The particular grating examined and which is reported here, was nominally 4mm long and exhibited a reflectivity of 85% centred at 1.5437pm. The response of the grating was theoretically modelled by taking a analytic approach and assuming a sinusoidal variation of the refractive index in the fibre core. Only in the ideal situation can the complete grating be described as such. In the manufacture of the gratings, some chirp can arise, for example due to non-uniformity in the illumination. This leads to a quadratic chirp, in that both the average core refractive index and peak amplitude refractive index change along the fibre length. A close approximation to the experimental situation can be found by assuming that variations in the average and peak indices and the grating period symmetrically follow a Gaussian profde. Chirp in the grating is not significant when the grating length is much less than the lle width of the Gaussian profde. By cascading short sections of ideal (sinusoidal) gratings (approximately 10 periods long) a complete transfer matrix of any grating structure can be found. soliton pulse. The reflectivity is 85% and the half intensity bandwidth is -0.6nm. In the time domain, Fig. l b shows the response of such a grating to an incident 1.8ps soliton. The half intensity width of the reflected pulse is 11.5~s and accompanying are distinct subpulses. These give rise to a characteristic theoretical second harmonic intensity autocorrelation (used to measure picosecond pulses) as shown in the inset of Fig. Ib . The half width of the autocorrelation function is 15.5~s implying a deconvolution factor in this case of 1.34. When the grating length is increased to 4.6nm and all other parameters remain constant, the half intensity bandwidth decreases to 0.28~1, and the separation of the reflection minima follows a similar trend. The corresponding half width of the reflected pulse increased to 22.5ps, as did the peak to satellite ratio, while the autocorrelation exhibited a shape similar to that of Fig. lb with a half width of 29.6ps, giving a deconvolution factor of 1.32.
-20- Experimentally, Fig. 2 shows the measured reflectivity and the associated autocorrelation trace for a 1.5ps soliton incident on the 4 mm grating. The measured autocorrelation width deconvolves to a reflected pulsewidth of 18.9~5, assuming the 1.32 factor determined above for the unchirped grating. By comparing Figs. 2 and 3 it can be seen that qualitatively and quantitatively the agreement between theoretical prediction and experimental measurement is reasonable, considering uncertainties in, for example, the experimental grating length and the peak amplitude index.
.
. . The presence of chirp in the grating can significantly modify the reflected pulse profde of a uniform phase input pulse. This is clearly demonstrated in Fig. 3 which shows the theoretical response of a 1.8ps soliton in a 4.6mm long grating as described above, but exhibiting an approximate 16% chirp. The effect of the chirp is to broaden the reflected bandwidth and reduce the reflectivity of the sidelobes. In the time domain, the reflected pulse shape is changed, becoming more rectangular, as can be seen inset in Fig. 3 . The autocorrelation however remains relatively unaf-
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fected in the recorded half width, with only the wings of the auto-3 MOREY, w.M., BALL, G.A., and MELTZ, G.: 'Photoinduced Bragg correlation trace becoming suppressed. Also shown in Fig. 3 is the gratings in optical fibers', Optics and Photonics News. 1994, 5, pp. corresponding autocorrelation trace for a similar but unchirped 8-14 grating. With chirped grating it is apparent that care must he taken in the deconvolution factor used to determine the reflected pulse width. For the example shown this factor is 1.17 compared to 1.32 in the linear case. The trend in the deconvolution factor is as expected, because the pulse sbape changed from triangular to rectangular as tbe chirp was increased. However, if the chirp is increased further, by a factor of -2.5, the pulse distortion increaxs, giving a pulse with a half width of 1 8 . 6~~ and a deconvolution factor from the autocorrelation of 1.34. In the corresponding autocorrelation, the wings are reduced relative to that of Fig. 3 . These examples clearly indicate that simply from experimental autocorrelation data alone the reflected pulse duration and shape are indeterminate as is the magnitude of the grating chirp. chirped gratings and pulses. These ex&&nents are the subject of our current investigations. Fig. 1 Step-chirped grating ' Step-chirp' phase-masks: The method of fabricating the phase Acknowledgment; The major financial support for this work by the SERC is gratefully acknowledged. References is stepped sequentially with a minimum step size to produce a series of exposed lies. This works well for a constant period grating. It is impossible to produce a continuously chirped grating using this method hecause the step size is not infinitesimal. The step-chirp method builds the chirp in the phasemask in short, d l pm long sections (see Fig. I the Previous by MLIaI. The section length dePen;s i n the Chirp and also the step resolution. There is a certain amount of random variation in the fml periods owing to the jitter in the writing process, which help reduce the overall phase discontinuities at the 'photosensiti,&y in optical fiber waveguides: A~~~~~~~~~ to reflection fdter fabrication', ~p p l .
Pfiys. k t t . , 1978, 32, pp. 647-648 ~~ 2 KAswAp, R,, ARMmAGE.l,R., CAMPBELL, R,I., WILLIAMS, D,L,, section boundaries. Using this method; both linear and quadratic G.D., -sLlE, B.l., and MILLAR, C.A.: wavelength chirps of between 3 and 15nm were incorporated into phase masks. By shply changing the starting wavelength of the chirped grating, it is possible to fabricate chirped phase masks for optical fibres and planar waveguides', BT Technol. J., 1993, 11, pp.
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